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Colour identification, degradation 
processes and findings in a fifteenth-century 
Book of Hours: the case study of Cofre n.º 31 
from Mafra National Palace
Isamara Carvalho1,2* , Conceição Casanova2,3, Rita Araújo2,4,5 and Ana Lemos4
Abstract 
This paper presents the work done as part of a master dissertation on Conservation and Restoration at the Faculty of 
Sciences and Technology, Nova University of Lisbon. The “Cofre n.º 31” is a French fifteenth century Book of Hours from 
the Library of the National Palace of Mafra, Portugal. This prayer book, composed by illuminations and devotional 
texts, was in bad condition due mainly to the rebinding done between eighteenth and nineteenth centuries. Accord-
ing to the assessment of the state of conservation, the main damages observed in the text block and binding were: 
volume distortion, loose and deformed gatherings, distortion and cockling of folios, and damages in the illuminations. 
The pigments palette was identified by µ-EDXRF, FORS, µ-Raman and µ-FTIR, which is consistent with the materials 
used in the fifteenth century. Nevertheless, some particular application techniques such as mixtures and overlays 
were found, namely in the red colours and specifically in the metallic leaves. Some of these colours also show specific 
degradation: darkening of the mixture of minium and vermillion; silver tarnishing with strong migration into the 
parchment support, especially when associated with minium; detachment of azurite, lead white and its mixtures, such 
as flesh tones and light colours. The main deterioration processes associated to silver and pigments can be assigned 
to their reactions with humidity and air pollutants, to the grain size of the pigments and to mechanical factors related 
to the book binding and its use. The presence of different pigments application techniques in different groups of 
folios lead us to conclude for the existence of a pigments palette with variations, and finally, three different illumina-
tors and two different techniques, confirming the proposals of art history studies.
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Introduction
The theme of this paper is centered in the material study 
of the Book of Hours Cofre n.º 31, from the collection of 
Books of Hours from the Library of Mafra National Pal-
ace, work carried out as part of a master’s dissertation [1]. 
This small codex, of French origin and belonging to the 
Portuguese heritage, was chosen because  it showed the 
worst state of conservation among all the others in  the 
collection. The manuscript’s original text block is dated 
from ca. 1440, with additions from ca. 1490 [2]. The cur-
rent binding (Fig. 1), however, is from the late eighteenth/
early nineteenth centuries. It was in poor condition, put-
ting at risk the integrity of the manuscript, and demand-
ing an urgent intervention.1  Concerning the text block, 
both the parchment support (which will not be addressed 
in detail in this publication) and pigments applied, 
exhibit some signs of degradation: the pictorial layer 
1 The proposal has contemplated minimal intervention in the text block 
and restoration of the binding, and can be found in the master’s dissertation 
cited above [1].
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presented dark spots standing out in the midst of colours 
of the illuminations, associated with their migration into 
the verso of the parchment;  detachments and various 
alterations were observed in the blue, white,  red and 
orange colours, among others. In order to draw up a pre-
cise diagnosis and  help to determine the  causes behind 
the degradation, a study of the  material composition  of 
the codex was carried out—however, limiting it to an 
identification of the  pigments applied and a description 
of their degradation, pointing out some hypotheses 
and leaving an in depth study for future investigations.2 
Context of production, provenance and meaning
The Books  of Hours were  books of prayers  used in 
practice of private devotion of laity and their name 
comes from their main section, the  Hours of the Vir-
gin. They were produced in workshops of large urban 
centers, like Paris, from the thirteenth until the 
early sixteenth century, giving origin to a class of pro-
fessionals such as booksellers and illuminators [3]. In 
the early fifteenth century, the Books of Hours already 
had great popularity, becoming an indispensable item 
in the houses of the wealthiest people [4]. The image, 
an intrinsic component of the Book of Hours, is one 
of the reasons that led to their popularity: its func-
tion was not only illustrative, but rather practical—it 
marked the sections of the manuscript and articulated 
their different parts to form the visual identities for the 
offices which opened out, acting also as a stimulus to 
2 Since the end of this research (2015), studies have been continued by the 
team of the Conservation and Restoration Department (DCR-FCT-UNL), 
whose results can be found in the article “Silver paints in medieval manu-
scripts: a first molecular survey into their degradation“, present in this pub-
lication.
meditation [2, 5].  In the case of commissioned books, 
it also served to insert the commissioner in  a sacred 
space; he/she was represented, usually kneeling and in 
gesture of prayer, beside the sacred figures, such as the 
Virgin and Child, reaffirming, in this way, their faith 
and emphasizing the religious experience as a unique 
and private moment—therefore, demonstrating one of 
the main characteristics of a Book of Hours: being tai-
lored for a particular person [2].
The Cofre n.º  31 is part of a set of ten fifteenth cen-
tury Books of Hours (of which eight are French) belong-
ing to the Library of the National Palace of Mafra, which 
became part of the collection no later than the second 
half of the eighteenth century [2]. In the end of the cen-
tury or right after, the set was fully rebound following the 
current style at the time, in brown sparkled calf leather 
with  gold-tooling in  the spine; a fragile by-pass sewing 
in raised bands and paper endleaves. Sparkling was also 
used in the edges decoration of the textblock. The Cofre 
n.º 31’s current dimensions are 182 × 132 × 38 mm. The 
manuscript is composed of a calendar in French, for use 
of Paris [2], offices and prayers (mostly in Latin, but some 
in French) sorted in 162 folios; it contains three full-page 
miniatures with four lines underneath and other seven 
small illuminations (historiated initials and miniatures), 
many major and minor illuminated initials, line fillers 
and diverse decoration in the borders with foliations of 
golden ivy leaves, stylised flowers and acanthus leaves 
(Fig. 2a–l).
State of conservation of binding and text block
The deteriorated binding could no longer fulfill the func-
tion of protecting the  body of the book, presenting a 
strong deformation, a broken sewing, intense ware on the 
spine and pasteboards, gilding loss, gaps and insect holes, 
among other damages and signs of degradation (Fig. 1). 
This set of pathologies, adding to its handling marks, 
indicates not only a heavy use of this book, but a bad 
choice as a rebinding option, which has contributed for 
the degradation of the illuminations. The assessment of 
the text block was done based on IDAP protocol 
(Improved Damage Assessment of Parchment)3 [6, 7] and 
part of the results can be summarized in Tables 1 and 2, 
standing out the percentage of damaged illuminated 
folios (89%), even though most of them (78%) can be con-
sidered slightly damaged.
3 The IDAP is a more detailed method of assessment focusing the parch-
ment folio, its specific areas and quantification of data (the methodology 
applied and results can be found in the original master’s dissertation) [1].
Fig. 1 General view of the manuscript before intervention: upper 
board, spine and tail-edge showing signs of degradation
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Results and discussion
Methodology
For the characterization of materials and techniques of 
the manuscript, as well as the study of the construction 
of colour and  observation  of the phenomena of degra-
dation, the following  in situ methods were used: opti-
cal microscopy, energy dispersive X-ray fluorescence 
microspectroscopy (µ-EDXRF), fiber optics reflectance 
spectroscopy (FORS) and  Raman microspectroscopy; 
some micro-samples were also taken, under the ster-
eomicroscope, for analysis by Fourier-transform infrared 
microspectroscopy (µ-FTIR). The stereomicroscope was 
also used for observation of the pigments and their appli-
cation. The  three full-page illuminations were analysed 
Fig. 2 Illuminations from Cofre n.º 31 (not in scale): a the Annunciation, f.25r; b King David in Prayer, f.73r; c Pentecost, f.91r; d decorated margin, 
f.45v; e decorated margin, f.62r; f Saint Christopher (historiated initial), f.141v; g Saint Catherine (historiated initial), v147v; h Saint Catherine, f.149r; 
i The Virgin surrounded by Angels, f.155r; j full folio with the Virgin and Child, writing and decorated border, f.153r; k The Pieta, f.154r; l The Virgin in 
Prayer, f.160r
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(ff.25r, 73r and 91r), two decorated borders (ff.45v and 
62r) and three of the historiated miniatures (ff.147v, 153r 
and 160r), including the various colours and figures pre-
sent such as the central illumination, frames, initials, text 
and line fillers, as well as the parchment substrate (its 
inherent elements and fluorescence were discounted in 
the pigments analyses). Three measures were taken in 
each colour area to assure a representative result, and 
ten to seventy points were analysed in each illumination, 
according to their size. For most of the pigments, the 
μ-EDXRF, μ-Raman and FORS allowed an unequivocal 
characterization and, when necessary, FORS and µ-FTIR 
were used, as in the case of lakes, its organic additives 
and binders [8–20].  Equipment details can be found at 
the Methods section.
Writing inks
The writing inks used in the text, in light brown and dark col-
our tones, are mainly composed of iron, as well as copper and 
zinc, as indicated by μ-EDXRF analyses; however, according 
to the recipes used, the proportion of these elements can 
vary [8]. The analyses of the spectra revealed the presence of 
three different inks corresponding to three groups of folios, 
thus confirming three different scripts (Fig. 3).
Pigments and metallic leaves
Yellows. Two types of yellow pigments were used, 
namely the lead–tin yellow type I  (Pb2SnO4), identified 
by μ-EDXRF, FORS and µ-Raman, present in cloths and 
details of the illuminations (Fig.  4a, b) and in mixtures 
such as green and brown; the golden yellow was identi-
fied by μ-EDXRF as mosaic gold (tin sulphide) mixed 
with gold powder, whose grains are visible in the stere-
omicroscope (Fig. 4c, d).
Blue colours. The blues of the illuminations of folios 
25, 73, and 91 were made up mainly with lapis lazuli 
over azurite, identified by all techniques, especially 
µ-Raman—the first, of a strong symbolic meaning, was 
usually reserved for the figures of greater relevance [2]—
as in the case of the Virgin’s mantle (Fig.  5a–c), though 
we found it also in the sky (f.73r) and in decorative ele-
ments. Other blue tones, such as the line-initials, con-
tain only azurite (Fig. 5e, f ); finally, the indigo, an organic 
dye identified by µ-Raman, was used to darken the blue 
tones, by creating the shades of the draperies (Fig.  5d), 
being also used in glazes over the silver.
Table 1 Main damages/signs of degradation obtained 
with IDAP protocol
Pathology Percentage of folios (%)
Deformation 100
Superficial dirt 100
Discolouration 97
Damages in the illuminations 89
Table 2 Visual categorization of damages obtained 
with IDAP protocol
Visual categorization of damage Percentage of folios (%)
Undamaged 6
Slightly damaged 78
Damaged 17
Heavily damaged 0
Fig. 3 µ-EDXRF spectra of three different writing inks, assigned to three groups of folios of Cofre n.º 31 and their respective images, showing the 
relative peaks of Fe, Cu and Zn; characteristic elements of the parchment are also shown (Ca, Fe, K and Mn)
Page 5 of 17Carvalho et al. Herit Sci  (2018) 6:9 
The greens were used extensively, like in the vegeta-
tion, drapery and decoration of the margins. Malachite 
was identified by µ-FTIR through the assignment of 
carbonate stretching band at 1498 cm−1 and bending at 
820  cm−1; and also the double peak at 3365/3315  cm−1 
due to OH stretching [20] (Fig. 6b). Micro-EDXRF indi-
cated a mixture of lead white or lead–tin yellow for the 
lighter tones. In addition, translucent dark greens were 
probably made up with the overlaying of an organic lake, 
as observed in the chequered pavement of folios 25r and 
91r (Fig. 6a).
The strong orange colour, applied in several elements, 
is made up of minium, also called red lead (Fig. 7a, b). In 
red decorations (fruits, foliations etc.), lead and mercury 
were detected by μ-EDXRF, which indicates a mixture of 
minium and vermilion, (Fig.  7c, d). In addition, we also 
observed the carmine tones, obtained from organic lakes 
applied over these reds. On the other hand, in f.147v and 
in the folios added later (ff.153r and 160r), the reds are 
formed only by vermilion; either in the illuminations, in 
the decorated margins, or in some ruling lines.
The pink and carmine tones are present in a great vari-
ety in this manuscript, from the translucent to the 
opaque, appearing in various elements such as robes, 
panels, initials, flowers, and others (Fig.  8a–c). These 
tones come from organic dyes prepared as lakes, to which 
fillers are added to obtain an opaque colour (see point 
“Additives”). In lighter tones, lead white was used, as well 
in mixtures with other pigments (Fig. 8b). Organic lakes, 
in general, could not be identified through elemental and 
molecular analyses, but  could only be  seen through the 
stereomicroscope. However, FORS analysis indicated an 
absorbance maxima of 555  nm, which correlates better 
with the brazilwood lakes reconstructions4 (Fig. 8d) [19]. 
It should be noted that this was the elected colourant of 
other Books of Hours of Mafra [22, 23] and of French 
workshops [24, 25]. On the other hand, the rosy tones of 
4 Comparing with spectra of historical reconstructions of brazilwood lakes 
with gum Arabic based on medieval recipes performed by T. Vitorino 
(Ph.D. student from DCR-FCT-UNL).
Fig. 4 The two yellow pigments: a hair of the Virgin, f.25r; b µ-Raman spectrum of lead–tin yellow type I (characteristic bands at 128 and 194 cm−1); 
c drap d’honneur, f.91r; d µ-EDXRF spectrum of mosaic gold featuring Sn, S and Au admixed
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carnations were obtained with lead white in mixture with 
another pigment, such as the minium identified by 
µ-Raman in the angel’s face of f.25r (Fig. 9a, b). 
The brown tones have proved to be very diverse due to 
the blends of various pigments such as lead–tin yellow 
and vermilion or minium and writing ink, among others 
(Ca, Fe, Cu, Zn, Hg and Pb were found). The tonalities of 
grey are also quite diverse: Pb and Cu were detected by 
µ-EDXRF,  in variable proportions (the darker, the higher 
the Cu peak), indicating a base of lead white mixed with 
a copper pigment (a carbon-based black pigment was 
also probably used, but could not be detected with this 
technique). In the case of King David’s beard (f.73r), blue 
grains, mixed in white pigment along with brown ink 
lines, make its bluish grey tone, observed through opti-
cal microscopy (Fig.  10a); nevertheless, further analyses 
on this colour must be made to confirm the indications of 
XRF (Fig. 10b).
The purple colours show a variable hue, ranging from 
reddish to violet. The reddish ones, present in some flow-
ers on the borders of several folios, show intense peaks 
of lead and copper, by µ-EDXRF, indicating a mixture of 
Fig. 5 The three blue pigments: a detail of the Virgin’s mantle (f.91r) made up with layers of azurite, lapis lazuli, indigo and lead white; b FORS 
spectrum showing characteristics of both curves of azurite and lapis lazuli (Virgin’s mantle, f.91r); c µ-Raman spectrum of lapis lazuli (Virgin’s mantle, 
f.91r); d µ-Raman spectrum of indigo (Virgin’s mantle, f.25r); e illuminated initial with azurite in the centre background (f.72r); f µ-Raman spectrum of 
azurite showing its characteristic bands (illuminated initial, f.25r)
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lead white, azurite and also minium—corroborated by 
the migration on the verso (see point “Migration of other 
pigments”), In the case of violet tones, present in some 
figure’s robes (Fig.  2i, k), lead white and azurite were 
probably mixed with an organic red, which could not be 
detected by the techniques used.
For whites, lead white was used pure or blended with 
various pigments to produce lighter tones, such as roses, 
Fig. 6 a Green chequered pavement made up with malachite and an organic lake (f.91r) and b its µ-Raman spectrum showing the characteristic 
bands of malachite
Fig. 7 a Orange fruit (f.91r); b µ-Raman spectrum of minium (fruit, f.91r); c strawberries made up with minium, vermilion and a red organic lake 
(f.91r); d µ-EDXRF spectrum showing high peaks of Pb and Hg evidencing the presence of minium and vermilion (strawberries, f.91r)
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carnations and blues of the sky, as already mentioned, 
and also in highlights (Fig. 5e). The black colour, identi-
fied as a carbon black by μ-Raman, was applied in the fine 
lines of contours, some shadows, frames and in the out-
line of the rinceaux (Figs. 10a, 16b, 17d).
Gold, profusely used throughout the manuscript, 
was applied in two forms: in powder mixtures, both in 
the elements of the decoration and in the rays, in high-
lights as well as in other details of the draperies, like the 
Fig. 8 Pinks and carmines: a drap d’honneur, f.25r; b right figure’s mantle, f.91r; c line filler detail, f.48r; d Comparative FORS reflectance spectrum of 
a pink colour (f.25r) with a brazilwood lake reconstruction based on a medieval recipe (from the database of DCR-FCT-UNL)
Fig. 9 a Skin tone created with lead white and minium (angel’s face, f.25r); b Raman spectrum showing the characteristic bands of minium (121 
and 548 cm−1) and of lead white (1049 cm−1)
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mantle of the Virgin (Fig. 5a, lowerleft, and also Fig. 8a, 
b); and in admixture with mosaic gold, as aforemen-
tioned; the gold leaf, of bright and solid aspect, was 
applied in haloes, initials, frames, line fillers, ivy leaves 
and other elements of the borders (Fig. 11a plus Figs. 5e 
and 10a, among others). Micro-EDXRF was enough for 
its identification (Fig. 11b).
Silver, severely affected by degradation, will be addressed 
in the “Pigment degradation processes” section.
Additives
Calcium carbonate (as calcite) was mainly used in 
grounds (e.g. for gilding) and also as a filler in pigment 
lakes. Gypsum (hydrated calcium sulphate) was also 
identified by µ-FTIR (Fig. 12) on the pinks and carmines: 
the spectrum of carmine colour of the initial background 
reveals the presence of a carbonate (assigned by 1415 and 
874 cm−1 of  CO32− stretching and bending, respectively) 
and gypsum, water assigned by 3394 and 1618 cm−1 due 
to OH stretching and bending, respectively, and the other 
bands from the anion sulfate  SO42− [20].
Fig. 10 a Grey tones from King David’s beard (f.73r) with white, blue and brown pigments visible in the magnified image upper-left (×63); b 
µ-EDXRF spectrum showing Pb and Cu, indicating lead white and azurite (but not conclusively) respectively (analysed point in the upper-left)
Fig. 11 a Gold leaf used in the background of an illuminated initial; b its XRF spectrum showing the elements: Au, from the metalic leaf, and Ca, 
from the ground (f.91r)
Fig. 12 µ-FTIR spectrum of carmine colour showing bands of 
calcium carbonate (empty circle) and gypsum (filled circle), from the 
inset initial letter, f.25r
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Protein and polysaccharide patterns were detected, by 
µ-FTIR, for the pigment binders in folios 25r, 73r and 91r. 
However, the absorption bands of binders were masked 
by ground fingerprints, making their precise identifica-
tion  difficult. The most widely used in medieval illumi-
nation were glair, for proteins, and gums such as gum 
Arabic, for the polysaccharides [26].
The palette of the Book of Hours Cofre n.º 31 is in 
accordance with the studies carried out on illuminated 
manuscripts of the period [18, 23, 29]. Figure  13 shows 
a chart of the pigments and additives identified, along 
with examples of their application. Table  3 shows the 
correspondence of analytical techniques used for their 
identification. 
Pigment degradation processes
The types of degradation found in the pictorial layer are 
described below, including studies of appearance, col-
our, elemental and molecular analysis. Some hypotheses 
for the causes and processes of deterioration are also 
proposed.
Oxidation
Silver Among the different forms of degradation in illu-
minations of Cofre n.º 31, the silver tarnishing [8] stands 
out, appearing associated to other pigments, such as in 
the dark small flowers of the borders (Fig. 14a), where the 
element Ag was clearly identified by µ-EDXRF (Fig. 14b). 
Its oxidation lead to the transformation of metallic shine 
into a dark and dull colour, changing considerably its 
original appearance and the reading that is made out of 
the image [18, 23], namely the windows of The Annun-
ciation (f.25r, Fig. 2a). The analysis by µ-Raman (Fig. 14c) 
suggested the presence of silver sulphide  (Ag2S) [27, 
28]. In addition, the Raman analysis has also detected the 
presence of indigo (Fig. 14d). Another unpleasant effect 
of this deterioration is the migration of pigments to the 
verso of the folio, varying in intensity (Fig. 15a); it is pos-
sible to observe metallic matter among the parchment 
fibres (Fig. 15b). According to Guineau et al. [29], this is 
caused by the migration of the silver ions. The different 
applications of silver paints and the mechanism of deg-
radation were studied and are fully explained in another 
article present in this issue (see Footnote 2). 
Minium The orange-reddish lead pigment appears in 
many forms, namely in the round flowers of folios 25r, 73r 
and 91r, where it is associated to silver and mercury and a 
carmine lake; the latter and the orange colour are visible 
under magnification (Fig. 16a, b); some reds mixing ver-
milion and minium show a degradation in progress, visi-
ble in grey shades, such as the strawberries (Fig. 16c), par-
tially degraded and, like in the silver paints, exhibiting a 
brown colour migration to the verso of the page (Fig. 15a). 
The purple colour made up of minium also shows a strong 
migration as seen in the recto of folio 45v (Fig. 16d).
Fig. 13 Colour palette: pigments and additives identified in the Book of Hours Cofre n.º 31
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As an hypothesis for the phenomenon, we proposed the 
reaction that involves the minium  (Pb3O4) and hydrogen 
sulphide in air  (H2S) producing lead sulphide (II), called 
galena (PbS)5 [30], of similar appearance to that of silver 
sulphide  (Ag2S). In addition, some studies about this pig-
ment and its degradation raise the hypothesis of the 
influence of humidity and binders in colour stability, 
relating its discolouration to an egg white tempera, prob-
ably due to the presence of sulfur [31–33]. All of this evi-
dence shows that we are in front of complex 
degradations—therefore the continuation of these stud-
ies is necessary for the understanding of the involved 
phenomena.
Migration of other pigments
In addition to the migration of silver and minium, other 
colours can be observed on the backside of the support. 
The matte look of gold powder,  observed in elements 
5 Galena was identified by Miguel et  al. [30]  as a result of the reaction of 
orange of minium with orpiment  (As2O3) found in twelfth century Portu-
guese manuscripts.
such as acanthus leaves and flowers,  presents migra-
tion of  a yellow  orange tone (Fig.  15a). A green migra-
tion is also observed, originated by copper (identified by 
µ-EDXRF), associated to malachite and azurite. Gener-
ally, these areas present a smooth tone, which is intensi-
fied in areas of greater usage and handling (such as the 
lower  right corner). As the other described degrada-
tion phenomena, this one needs more studies for its 
comprehension.
Detachment
The paint loss by detachment, also called flaking, is pre-
sent all over the  Cofre n.º 31, mainly in the blue of the 
illuminated initials and line fillers, and also in the white 
and skin colours (made up with azurite and lead white, 
respectively) of the illuminations, leading to a total loss 
of pigment (Fig.  17a, b). It occurs also in some small 
orange  and pink flowers  (constructed with minium and 
organic lakes, respectively). This  is a continual problem 
in illuminated manuscripts [18, 33–37], and it is likely 
due  to the poor adhesion of the paint layer to the sup-
port and loss of cohesion among its particles, as already 
indicated in studies of three other Books of Hours of 
Table 3 Analytical techniques used to identify the pigments of the Book of Hours Cofre n.º 31
Colours Identification Analytical techniques
Pigments µ-EDXRF FORS µ-Raman µ-FTIR Optical microscopy
Yellows Lead–tin yellow type I:  Pb2SnO4 ● ● ●
Mosaic gold:  SnS2 ● ●
Greens Malachite:  Cu2CO3(OH)2 ● ●
Organic lake ●
Lead–tin yellow (mixed with malachite) ●
Blues Lapis lazuli:  Na8(Al6SiO24)S8 ● ● ● ●
Azurite:  2CuCO3–Cu(OH)2 ● ● ● ●
Indigo:  C16H10N2O2 ●
Orange Minium:  Pb3O4 ● ● ●
Reds Vermilion: HgS ● ●
Organic lake ●
Pinks Brazilwood lake ●
Lead white (mixed with brazilwood) ●
White Lead white:  [2PbCO3·Pb(OH)2] ●
Black Carbon black (C) ●
Grey Mixtures ●
Purples Mixtures ●
Browns Mixtures ●
Gold Gold leaf (Au) ● ●
Gold powder (Au) ● ●
Silver (darkened) Silver (Ag) ● ●
Additives Calcium carbonate:  CaCO3 ● ●
Gypsum:  2H2O·CaSO4 ● ●
Protein/polysaccharide bindings ●
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Mafra [22, 23]. It is pointed out by some authors  that 
the grain size of the  pigments  and  the low proportion 
of binder are the main causes for this phenomenon, 
especially in azurite, whose larger size is caused by the 
different methods of grinding the mineral   [38]. How-
ever, Lawson and Yamazaki-Kleps [37] suggest that the 
detachment of lead white is due to the interaction of the 
pigment with  specific binders (gum and glair): accord-
ing to experimental results, the degradation of the binder 
is catalysed by basic lead carbonate. This phenomenon 
could probably explain the degradation of azurite as well, 
since it is formed by a carbonate. However, the paint loss 
has been aggravated by mechanical factors, mainly due to 
an extensive use of the manuscript.
Other processes: abrasion and dissolution
The degradation by  abrasion of the pigments  appears 
mainly in the gilding, but also in the text (Fig. 17b). In the 
leaf gilding, the heavy wear eventually left the grounds 
exposed, like the lines of the frame of the illuminations, 
ivy leaves of  rinceaux  and haloes (Fig.  17c); these are 
fragile areas due to its volume (raised ground) associated 
to the micrometric thickness of  the gold leaf, causing a 
higher friction. We also found,  in several folios, vis-
ible areas with dissolution, spreading and smudges due to 
water-solubility of paints when in contact with moisture, 
like in the borders (Fig.  17d) and in the historiated ini-
tial with the image of Saint Catherine, which had its face 
blurred (Fig. 2g).
The identification of three artists and two techniques 
of colour application in the Book of Hours Cofre n.º 31 
from Mafra National Palace
The multidisciplinary study carried out in Cofre n.º 31 
has revealed essential for the confirmation of the hypoth-
esis raised in History of Art6 concerning the existence of 
6 The results were advanced and presented by Ana Lemos, representing the 
team, at the IX Jornadas Complutenses de Arte Medieval—“Ver y Crear. 
Obradores y mercados pictóricos en la España Gótica (1350–1500)”, on 
November 11–13, 2015 in Madrid (that will be published soon).
Fig. 14 On top, flower constructed with silver, gold, lapis lazuli over a ground of calcium carbonate, f.91r: a image (16×); b µ-EDXRF spectrum of a 
spot of the flower showing peaks of Ag, Au, Ca, S and other elements (many from the parchment); on bottom: µ-Raman spectra of silver degrada-
tion in the windowpanes of the Annunciation (f.25r), c suggesting silver sulphide (Ag2S), d evidencing the presence of indigo (analysed points 
indicated by the white arrow)
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three hands/artists in the making of the illuminations of 
this Book of Hours.
The stylistical analysis of the illuminations led to the 
identification of three groups, corresponding to the inter-
vention of three different hands, namely: the first group, 
constituted by the full-page illuminations over a four-line 
text, the Annunciation (f.25r), David in Prayer (f.73r) and 
the Pentecost (f.91r), bounded by a similar frame end-
ing with a segmental arch and identical margins with 
identical decorative typology (see Fig. 2a–c); the second 
group, formed by the historiated initials of S. Cristopher 
(f.141v) and S. Catherine (f.147v), with identical decora-
tive typology, measuring 5 and 6 spaces in height respec-
tively, inserted in the text of the Suffrages of the Saints 
(see Fig. 2f, g); and lastly, the third group, corresponding 
to a later addition, composed of historiated illuminations 
inserted in pictures of 7 spaces in height: S. Catherine 
(f.149r), corroborating a great devotion to this saint by 
the manuscript’s owner, the Virgin and Child (f.153r) and 
the Pietá (f.154r), and two others of 6 spaces in height—
the Virgin surrounded by four angels (f.155r) and the Vir-
gin in Prayer (f.160r). This third tipology also presents an 
ornamented border at the right at the text height, and the 
picture inserted in a pink/purple frame with thin golden 
bars (see Fig. 2h–l respectively).
The results of the scientific analysis of the colour mate-
rials allowed us to verify some differences in the inks, 
pigments palettes and their application, summarised 
in Table  4. To exemplify them, we can observe that the 
illuminations of the first group were composed of lapis 
lazuli over azurite and indigo to create the shades of the 
robes—but in the figures of the second and third group, 
only azurite was applied. The difference is accentuated 
when analysing oranges and reds: in the first group, the 
mantle of King David is painted with minium and an 
organic lake (f.73r), and the strawberries, flowers and 
acanthus leaves of the borders are made of a mixture of 
minium and vermilion with a carmine glaze of an organic 
lake—while in the illuminations of the second and third 
groups, the artists stand out from the first one by using 
only vermilion in all the reds. Therefore, this approach 
has allowed us to identify two techniques of pigments 
application, distinguishing the artist of the first group of 
illuminations from the other two.
Conclusions and final considerations
The Book of Hours Cofre n.º  31 was studied in  its his-
torical and material aspects:  a  broad  diagnosis of its 
state of conservation was carried  out, which  included 
a detailed examination of the parchment and its picto-
rial layer. The manuscript’s palette was identified, and it 
is in accordance with the palette already known of  illu-
minated manuscripts of this period. However, this case 
study reveals the complex construction of the colours 
to produce the illuminations, namely the application of 
pigments over silver, such as lapis lazuli, minium and 
glazes of indigo and pink lakes. The overlays of pigments 
are frequent, such as lapis lazuli applied over azurite, or 
mixtures as minium and vermilion. In addition, some 
differences were noticed in the use of pigments and inks 
in the various folios analysed, leading us to conclude that 
there are different writings, palettes and forms of colour 
application. In face of these results and in line with the 
studies of Art History, we can divide the illuminations 
of this manuscript in  three groups, corresponding to 
three illuminators, two techniques and at least two dif-
ferent moments: the original body illuminations (ff. 25r, 
73r and 91r), produced ca. 1440 by one hand; the his-
toriated initials of the Suffrages of the Saints (to which 
belongs f.147v), produced maybe at the same moment or 
Fig. 15 a Verso of some flowers of f.91r showing pigments migration (7×); b idem, evidencing the metallic aspect (32×)
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right after, but by another artist, and finally the group of 
illuminations of Prayers to the Virgin (to which belong 
ff.  153r and 160r), produced ca. 1490, according to the 
dates established by Lemos [2].
Concerning the degradation of pigments, the tarnishing 
of silver changes the appearance of the image, resulting 
in the opposite of the light effect probably demanded by 
the artist, and migrating into the parchment so intensely, 
suggesting that the association of silver and pigments 
could be an aggravating factor of degradation. A similar 
degradation occurs with minium, present in small flowers 
and decorative elements. These phenomena deserve, for 
its uniqueness, further research by extending it to other 
illuminated manuscripts and by making reconstructions 
of these  mixtures of silver and pigments.  Another form 
of degradation,  more extensively verified, is the detach-
ment of pigments, mainly of azurite applied especially on 
line fillers, initial backgrounds and flowers—the  grain 
size of the pigments, along with interaction with the 
protein binding, are the most likely explanations for this 
phenomenon, but it is also necessary to continue this 
investigation.
Finally, we would like to emphazise that the results 
obtained with the study of this manuscript are intended 
not only to be a contribution  to studies already initi-
ated on the Books of Hours of the Library of Mafra 
National Palace and for future researches on this subject, 
but also  for its application in other illuminated manu-
scripts—particularly the collection of Books of Hours of 
the National Library of Brazil, institution which stores, 
since its origin, part of the Portuguese heritage, brought 
by the Portuguese crown to Rio de Janeiro between 1810 
and 1811.
Methods
Digital microphotography and microsampling were car-
ried out using a Leica MZ16 stereomicroscope (7.1×  to 
115×  zoom range), equipped with a Leica ICD digital 
camera and a fibre optic light Leica system (Leica KI 1500 
LCD).
Fig. 16 Examples of minium and vermilion degradation: a flower, f.91r, b three-leaf flower, f.91r (×40), c strawberry, f.25r; d minium degradation of 
purple flower on the recto of f.45v
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Fig. 17 Examples of mechanical degradation: a detachment of a lead white based pigment in Virgin’s face, f.25r; b detachment of azurite in a line 
filler, and abrasion in writing, f.48v; c abrasion in a gilded halo, f.91r; d dissolution of black pigment in a border, f.91r
Table 4 Analysed folios, their differences and similarities, and group identification
Analysed folios Full-page illuminations Historiated initials Historiated illuminations
ff. 25, 73, 91 f.147v ff. 153 e 160
Included among f.1–140v ff.140v–148 ff.149–162
Palette Richer and varied Reduced Reduced
Greens Mainly malachite in mixture with lead–tin 
yellow
Only pure malachite Pure malachite or in mixture with lead–
tin yellow
Reds Only in mixture of minium and vermilion Only vermilion Only vermilion
Oranges Minium or minium with red lake overlay Not present Not present
Blues Mixtures/overlays of azurite, lapis lazuli and 
indigo; azurite or in mixture with lead white
Only azurite or in mixture with lead white Only azurite or in mixture with lead 
white
Yellows Lead–tin yellow; mosaic gold Not present Not present
Pinks, roses and 
carmines
Organic lake (probably brazilwood lake), also 
with lead white admixed
Organic lake Organic lake
Pigments appli-
cation
More complex constructions Mainly simpler constructions Mainly simpler constructions
Metals Extensive use of metals: (leaf and powder) 
and silver
Gold leaf in miniatures and decorative bor-
ders, gold powder in miniatures; no silver
Gold leaf only in decorative borders, 
gold powder in miniatures; no silver
Writing inks Iron–copper–zinc gall ink, mainly composed 
of Fe, low amount of Zn
Iron–copper–zinc gall ink, mainly com-
posed of Fe, low amount of Zn
Iron–copper–zinc gall ink, mainly com-
posed of Fe/Zn, low amount of Cu
Ruling lines Organic pink lake Organic pink lake Organic pink lake or vermilion
Epoch ca. 1440 Not determined ca. 1490
Identification GROUP 1 GROUP 2 GROUP 3
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Energy dispersive X-ray fluorescence (µ-EDXRF) 
was  performed in a spectrometer Intax ArtTAX Pro 
(GmbH) equipped with an X-ray beam of molybdenum 
in diameter of about 70 μm and a metal detector silicon 
 XFlash®. Conditions of analysis: beam of 300 µA, accu-
mulation time of up to 150 s and helium atmosphere for 
blue and air for the other colors. This equipment detects 
elements of atomic number ≥ 13 (Al).
Ultraviolet–visible (UV–Vis) Fiber Optics Reflec-
tance Spectroscopy (FORS) was  performed in a spec-
trophotometer Ocean Optics Maya 2000 Pro with metal 
detector network 2048 silicon CCD array and halogen 
lighting source HL-200-HP. Range of analysis from 360 to 
1050 nm, beam diameter of 2 mm and incidence angle of 
45°; sweep time of 8 ms, 15 scans, 5 box width and diffuse 
reflectance mode with calibration in  Spectralon® 99%.
Micro-Raman spectroscopy was  performed in a  spec-
trometer Horiba Jobin–Yvon LabRaman300, with Olym-
pus objective of 40× and 100×; HeNe lasers 
with  excitation at 633 lines (17 mW)  and 532  nm (500 
mW) with filter (reducing its power in 90%) were used.
Micro-Fourier transform infrared spectroscopy (FTIR) 
was performed  in a  Nicolet Nexus spectrophotom-
eter coupled  to  a Nicolet Continuum microscope with 
MCT detector cooled by liquid nitrogen;  the spectra 
were collected in transmittance mode with  interval of 
4000–650 cm−1, obtaining a resolution of 4 cm−1 and 128 
wipes in areas of 50–100 μm with recourse to a Thermo 
diamond cell of compression. Ominic software was used 
in the analysis of spectra.
All equipment belongs to the Scientific Laboratory of 
the DCR-FCT-UNL.
Abbreviations
DCR-FCT-UNL: Departamento de Conservação e Restauro, Faculdade de 
Ciências e Tecnologia, Universidade Nova de Lisboa; f./ff.: folio/folios; FORS: 
fiber optics reflectance spectroscopy; IDAP: Improved Damage Assessment of 
Parchment; µ-EDXRF: energy dispersive X-ray microfluorescence; µ-FTIR: Fou-
rier transform infrared microspectroscopy; n.º: number (Portuguese); r: (after a 
numbered folio) recto; v: (after a numbered folio) verso.
Authors’ contributions
IC performed the analyses of XRF (data collect, processing and interpretation), 
FORS and FTIR (data processing and interpretation) under the supervision 
of RA, as well as the conservation assessment and article writing. RA was 
responsible for Raman and FTIR data collecting, processing and interpretation, 
supervising all the analytical and practical tasks and article reviews. AL was 
responsible for the art history analyses, supervising and article reviews. CC was 
responsible for general supervising of the study and article reviews. All authors 
read and approved the final manuscript.
Author details
1 Conservation-Restoration Laboratory, Preservation Coordination, National 
Library of Brazil, Av. Rio Branco 219, Rio de Janeiro 20040-008, Brazil. 2 Con-
servation and Restoration Department, Faculty of Sciences and Technology, 
NOVA University of Lisbon, 2829-516 Monte de Caparica, Portugal. 3 Tropi-
cal Scientific Research Institute, Rua da Junqueira 86 - 1º, 1300-344 Lisbon, 
Portugal. 4 LAQV-REQUIMTE, Department of Chemistry, Faculty of Sciences 
and Technology, NOVA University of Lisbon, 2829-516 Monte de Caparica, 
Portugal. 5 Institute of Medieval Studies, Faculty of Social and Human Sciences, 
NOVA University of Lisbon, Avenida de Berna 26-C, 1069-061 Lisbon, Portugal. 
Acknowledgements
The authors are grateful to Joana Bulcão, who helped with the analyses and 
other tasks as part of her master’s first-year studies; to Aissa Seidi, for the final 
English language review; to the DCR-FCT-UNL, for all the support; to Mafra 
National Palace, which lended its precious Book of Hours to be studied and 
treated; to the National Library of Brazil, the institution that granted the first 
author a 2-year training permit and funds to study the master’s degree.
Competing interests
The authors declare that they have no competing interests. A poster with a 
similar theme was presented at the Colours Conference in Évora, Portugal, 
in September 2015; also a communication, including other aspects of the 
master’s dissertation, was presented at the Fourth Luso-Brazilian Meeting of 
Conservation and Restoration, held in Rio de Janeiro, in November 2017.
Availability of data and materials
Most of the data on which the conclusions of the manuscript rely on is pub-
lished in this paper and in the master thesis referred below; the full data are 
available for consultation on request to the authors.
Consent for publication
Not applicable.
Ethics approval and consent to participate
Not applicable.
Funding
This article is a result of a dissertation done for a master’s degree course 
attended by Isamara Carvalho at the Faculty of Sciences and Technology of 
the New University of Lisbon, held from September 2013 to October 2015. The 
National Library of Brazil provided the first author with funding to travel, for 
the course fees and monthly incomes. The Faculty of Sciences and Technology 
has covered all the costs of the equipment and staff involved. This study was 
also supported by the Portuguese Science Foundation through the CORES 
Ph.D. Doctoral Programme in the Conservation and Restoration of Cultural 
Heritage with the Grant [SFRH/BD/52314/2013].
Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.
Received: 17 November 2017   Accepted: 13 February 2018
References
 1. Carvalho IL de. Processos de degradação em manuscritos iluminados: 
estudo, conservação e restauro de um livro de horas do século XV do 
Palácio Nacional de Mafra [dissertation]. Lisbon: Universidade Nova de 
Lisboa; 2015. https://run.unl.pt/handle/10362/17113. Accessed 30 Sept 
2017.
 2. Lemos A. Os livros de horas iluminados do Palácio Nacional de Mafra. 
Lisboa: Instituto de Estudos Medievais/Faculdade de Ciências Sociais e 
Humanas—Universidade Nova de Lisboa; 2012.
 3. De Hamel C. A history of illuminated manuscripts. Oxford: Phaidon Press 
Limited; 1986. p. 272.
 4. Wieck RS. Time sanctified: the book of hours in medieval art and life. New 
York: George Brazilier; The Walters Art Museum; 1988.
 5. Marrow JH. As Horas de Margarida de Cleves. Lisboa: Museu Calouste 
Gulbenkian; 1995.
 6. Larsen R. Improved damage assessment of parchment—IDAP—Assess-
ment, data collection and sharing of knowledge, Research Report No. 18. 
Luxembourg: Office for Official Publications of the European Communi-
ties; 2007.
Page 17 of 17Carvalho et al. Herit Sci  (2018) 6:9 
 7. Helpfile—Parchment Assessment Report/IDAP March. 2009 (Unpub-
lished report).
 8. Guerra M, Manso M, Pessanha S, Le Gac A, Longelin S, Guilherme A, 
et al. X-Ray fluorescence spectrometry as a diagnostic tool in charac-
terization and conservation of manueline illuminated manuscripts. 
In: Frediani P, editor. Cultural heritage: protection, developments and 
international perspectives. New York: Nova Science Publishers; 2013. p. 
235–56.
 9. Manso M, Le Gac A, Longelin S, Pessanha S, Frade JC, Guerra M, et al. 
Spectroscopic characterization of a masterpiece: the Manueline foral 
charter of Sintra. Spectrochim Acta Part A Mol Biomol Spectrosc. 
2013;105:288–96.
 10. Kurouski D, Zaleski S, Casadio F, Van Duyne RP, Shah NC. Tip-enhanced 
raman spectroscopy (TERS) for in situ identification of indigo and iron gall 
ink on paper. J Am Chem Soc. 2014;136(24):8677–84.
 11. Smith G, Clark R. Raman microscopy in art history and conservation 
science. Rev Conserv. 2001;(2):92–106. http://discovery.ucl.ac.uk/29386/. 
Accessed 28 Oct 2017.
 12. Bell IM, Clark RJ, Gibbs PJ. Raman spectroscopic library of natural and 
synthetic pigments (pre-approximately 1850 AD). Spectrochim Acta A 
Mol Biomol Spectrosc. 1997;53A(12):2159–79.
 13. Muralha VSF, Burgio L, Clark RJH. Raman spectroscopy analysis of pig-
ments on 16–17th c. Persian manuscripts. Spectrochim Acta Part A Mol 
Biomol Spectrosc. 2012;92:21–8.
 14. Bisulca C, Picollo M, Bacci M, Kunzelman D. Uv–Vis–Nir reflectance spec-
troscopy of red lakes in paintings. In: 9th Int Conf NDT Art, Jerusalem, Isr 
25–30 May 2008. 2008;(May):1–7.
 15. Aceto M, Agostino A, Fenoglio G, Idone A, Gulmini M, Picollo M, et al. 
Characterisation of colourants on illuminated manuscripts by portable 
fibre optic UV–visible–NIR reflectance spectrophotometry. Anal Methods 
R Soc Chem. 2014;6(5):1488–500.
 16. Delaney JK, Ricciardi P, Glinsman LD, Facini M, Thoury M, Palmer M, et al. 
Use of imaging spectroscopy, fiber optic reflectance spectroscopy, and 
X-ray fluorescence to map and identify pigments in illuminated manu-
scripts. Stud Conserv. 2014;59(2):91–101.
 17. Cosentino A. FORS spectral database of historical pigments in different 
binders. E-conservation J. 2014;2:1–6.
 18. Vinas SM, Farrell E. Technical analysis of illuminated manuscripts 
from the Library at the University of Valencia, Spain. Stud Conserv. 
1992;37(sup1):99–103.
 19. Melo MJ, Otero V, Vitorino T, Araújo R, Muralha VSF, Lemos A, et al. A spec-
troscopic study of Brazilwood paints in medieval books of hours. Appl 
Spectrosc. 2014;68(4):434–43.
 20. Derrick M, Stulik D, Landry J. Infrared spectroscopy in conservation sci-
ence. Los Angeles: Getty Conservation Institute; 1999. p. 248.
 21. Cabral JMP. História breve dos pigmentos: das Artes da Idade Média  (2a 
parte). Quimica. 2007;104:39–50.
 22. Araújo AR. Os Livros de Horas (séc. XV) na colecção do Palácio Nacional 
de Mafra : estudo e conservação [dissertation]. Lisbon: Universidade Nova 
de Lisboa; 2012. http://hdl.handle.net/10362/9329. Accessed 30 Sept 
2017.
 23. Melo MJ, Araújo R, Muralha VSF. O que nos dizem os materiais da cor 
sobre os livros de horas do Palácio Nacional de Mafra? In: Lemos A, editor. 
Os Livros de Horas Iluminados do Palácio Nacional de Mafra. Lisboa: 
Instituto de Estudos Medievais da FCSH-UNL; Palácio Nacional de Mafra; 
2012. p. 103–15.
 24. Villela-Petit I. Brésil et autres rouges: dix recettes de laque médiévales. 
Technè—Rev du Lab Rech des Musées Fr. 1996;La couleur(4):68–73.
 25. Roger P, Villela-Petit I, Vandroy S. Les laques de brésil dans l’enluminure 
médiévale: reconstitution à partir de recettes anciennes. Stud Conserv. 
2003;48(3):155–70.
 26. Kroustallis S. Binding media in medieval manuscript illumination: a source 
research. Rev História da Arte. 2011;1:112–25.
 27. Martina I, Wiesinger R, Schreiner M. Micro-Raman characterisation of 
silver corrosion products : instrumental set up and reference. e-Preserv 
Sci. 2012;9:1–8.
 28. Águas H, Silva RJC, Viegas M, Pereira L, Fortunato E, Martins R. Study of 
environmental degradation of silver surface. In: 4th international confer-
ence on spectroscopic ellipsometry. Stockholm, Sweden; 2007. p. 2–5.
 29. Guineau B, Villela-Petit I, Akrich R, Vezin J. Painting techniques in the 
Boucicaut Hours and in Jacques Coene’s colour recipes as found in Jean 
Lebègue’s Libri Colorum. Stud Conserv. 1998;43(Supplement-1):51–4.
 30. Miguel C, Claro A, Gonçalves AP, Muralha VSF, Melo MJ. A study on red 
lead degradation in a medieval manuscript Lorvão Apocalypse (1189). J 
Raman Spectrosc. 2009;40(12):1966–73.
 31. Cabral JMP. História Breve dos Pigmentos: das Artes da Idade Média  (1a 
parte). Quimica. 2006;103:33–44.
 32. Saunders D, Kirby J. The effect of relative humidity on artists’ pigments. 
Natl Gall Tech Bull. 2004;25:62–72.
 33. Nöller R. Cinnabar reviewed: characterization of the red pigment and its 
reactions. Stud Conserv. 2015;60(2):79–87.
 34. Powell K. Analysis and consolidation of lifting ink in a twelfth-century 
manuscript. J Inst Conserv. 2010;33(1):13–27.
 35. Van Bos M, Watteeuw L. Analysis of the Anjou Bible. Rev História da Arte. 
2011;1(Série W):192–203.
 36. Watteeuw L, van Bos M. The conservation assessment of an illuminated 
Book of Hours: understanding craftsmanship through interdisciplinary 
research: preliminary investigation. In: 15th Trienn Conf New Delhi, 22–26 
Sept 2008 Prepr (ICOM Comm Conserv. 2008. p. 310–6.
 37. Lawson M, Yamazaki-Kleps A. Examination and conservation of the 
fifteenth-century parchment manuscript, the Belles Heures of Jean, Duke 
of Berry. Work art Pap books Doc Photogr Tech Conserv Contrib to Balt 
Congr. 2002;2–6(2002):129–34.
 38. Asperen Van, de Boer JRJ. An examination of particle size distributions of 
azurite and natural ultramarine in some early netherlandish paintings. 
Stud Conserv. 1974;19:233–43.
